Courtship behaviour involves a complex exchange of signals and responses. These are usually studied at the phenotypic level, and genetic or transcriptional responses to courtship are still poorly understood. Here, we examine the gene-expression changes in Drosophila melanogaster females in response to one of the key male courtship signals in mate recognition, song produced by male wing vibration. Using long oligonucleotide microarrays, we identified several genes that responded differentially to the presence or absence of acoustic courtship stimulus. These changes were modest in both the number of genes involved and fold-changes, but notably dominated by antennal signalling genes involved in olfaction as well as neuropeptides and immune response genes. Second, we compared the expression patterns of females stimulated with synthetic song typical of either conspecific or heterospecific (Drosophila simulans) males. In this case, antennal olfactory signalling and innate immunity genes were also enriched among the differentially expressed genes. We confirmed and investigated the time course of expression differences of two identified immunity genes using real-time quantitative PCR. Our results provide novel insight into specific molecular changes in females in response to courtship song stimulation. These may be involved in both signal perception and interpretation and some may anticipate molecular interactions that occur between the sexes after mating.
INTRODUCTION
Sexual reproduction often involves complex interactions between males and females extending from pre-mating courtship signalling to post-mating molecular interactions. Recently, some of the physiological and neuronal changes associated with the reception of sexually important signals have been identified in both vertebrates and invertebrates, including Drosophila [1] [2] [3] [4] . Progress has also been made in identifying transcriptional changes associated with social interactions in Drosophila, particularly in males [5] [6] [7] . However, the genes involved in female responses to male signals still remain largely unknown, and very few studies have attempted to identify transcriptional changes involved in pre-mating responses to stimulation using a genome-wide analysis of gene expression. One such study [8] assessed gene expression of Drosophila melanogaster females 24 h after they had been courted by and rejected males, while another [9] focused on expression changes in females in response to visual cues of attractive males in swordtail fish (Xiphophorus nigrensis).
Although the molecular responses to courtship signals are a priori expected to include genes involved in mating preference, an intriguing and previously unexplored possibility is that courtship may also induce molecular and physiological changes in females in anticipation of mating. Recent studies of female Drosophila have identified male-induced molecular changes associated with a response to sperm and accessory gland proteins, many of which appear to be under antagonistic sexual selection [10, 11] . Do changes start to occur during courtship, in anticipation of mating?
Drosophila melanogaster is an ideal species for studying genes involved in behaviour, because it has a long history as a model organism in genetic studies and a well-annotated genome, and also its courtship behaviour is well understood. Courtship in D. melanogaster involves visual, acoustic, olfactory and tactile signals [12] . Courtship song, produced by male wing vibration, is perhaps the most important courtship signal influencing male mating success [13] . Song is detected with a modified antennal receiver, which transfers air vibrations to the hearing neurons [14, 15] . In many Drosophila species, song consists of two main components; pulse song and sine song [16] . Pulse song includes repetitive trains of pulses and their inter-pulse intervals (IPIs) as well as a distinctive rhythm in IPI [17 -20] and contributes to interspecific mate discrimination [18, 19, 21, 22] . However, apart from general hearing genes [23 -25] , very little is known about the genetic basis of female response to song, especially in comparison to song production.
In this study, we used D. melanogaster to trace transcriptomic changes that occur in females upon hearing male song in order to identify the molecular components involved in female response to acoustic stimulation as well as to study the species-specificity in this response. Gene-expression changes were studied in response to the presence and attractiveness of an acoustic courtship stimulus without exposing the females to courting males, i.e. by excluding the confounding effects of other male traits upon female gene expression. One study on the swordtail fish [9] is the only similar attempt to identify gene-expression responses to a sexually important courtship signal in isolation.
We combined a playback experimental approach with transcriptome profiling using two-colour microarrays and real-time quantitative PCR (qPCR). First, we confirmed song discrimination behaviour in our laboratory strain of D. melanogaster flies using synthetic song. Second, using long oligonucleotide microarrays, we identified several loci that responded differentially to the presence or the absence of the acoustic courtship stimuli. Although modest overall, many of the identified changes in gene expression were concentrated in antennal signalling genes (mainly known previously to be involved in olfactory reception) as well as in neuropeptides and immune response genes. Further, we compared the gene-expression patterns of females stimulated with synthetic songs typical of either conspecific or heterospecific (Drosophila simulans) males and found similar differential expression in several antennal olfactory signalling genes, and also in innate immunity peptides. In a third experiment, we used qPCR to confirm and explore the time frame of expression patterns of two identified immunity genes in response to stimulation with conspecific and heterospecific songs.
MATERIAL AND METHODS
(a) Mating discrimination experiment An isogenic wild-type D. melanogaster strain (Oregon-K) was used for all experiments. We used synthetic song playback to confirm the presence of song discrimination also in this strain. Five-day old virgin females were grouped with wingless 5-day old conspecific virgin males, and stimulated with either D. melanogaster-or D. simulans-like synthetic songs, with the mean IPI and pulse train cycle of approximately 35 ms and 55 s, and approximately 45 ms and 40 s, respectively (song synthesis is described in Ritchie et al. [22] ). The number of copulating pairs was counted every 2 min over a period of 20 mins. We carried out 10 trials per song with 20 pairs of flies in each and analysed the mating data with a generalized linear mixed model with binomial error distribution, with the cumulative proportion of mated females (out of 200 per song) as a response variable, song type as fixed and trial as a random factor, and the observation time as a covariate, using R v. 2.9.1 [26] .
(b) Microarrays
Behavioural playback experiments to obtain transcriptome profiles were carried out by aspirating 40 five-day old virgin females at a time into a chamber mounted on a loudspeaker. No males were introduced in order to isolate the effect of auditory signal perception from other male signals. Conspecific and heterospecific songs (described above), as well as white noise as a control, were played back to females for 15 min during peak mating activity time (ZT5-7, E. Immonen 2009, personal observation). After the trials, females were removed from the chamber by anesthetizing with CO 2 , snap-frozen with liquid nitrogen and stored in 2708C.
One hundred and twenty female heads from three playback-trials were randomly pooled to form each sample per treatment, with a total of four biological replicate samples prepared for the control and heterospecific song stimulation treatments and eight for the conspecific song stimulation treatment. Heads were removed individually from the frozen flies to minimize the loss of antennal segments and with the aid of liquid nitrogen to prevent thawing. Samples were hybridized into two-channel long oligonucleotide microarrays (FL003-INDAC; see electronic supplementary material, material and methods and www.flychip.org.uk for protocols and further information). Four arrays were probed with control and conspecific song stimulus groups, three with conspecific and heterospecific song groups. Three of the arrays had reverse labelling to account for dye-bias in hybridization efficiency. FlyChip at the University of Cambridge performed sample processing, array hybridization, image scanning and quality controls. Data are deposited in NCBI (reference no. GEO GSE31190).
We used expression information from FlyAtlas [27] to eliminate probes not expressed in the head. Several packages within Bioconductor in R were used for the data pre-processing and analysis (see electronic supplementary material, material and methods) [26, 28] . Differential expression was tested using limma, with Bayesian approximation of standard errors [29, 30] . False discovery rate (FDR) was estimated to account for multiple testing [31] .
One of the main aims of this study was to explore whether any a priori defined functional sets of genes are overrepresented among the genes showing differences in expression owing to song treatments. For this, we took advantage of predefined gene sets from several databases, including the Gene Ontology database, the Kyoto Encyclopedia of Genes and Genomes and the Integrated Documentation Resource for Protein Families, Domains, Regions and Sites, and tested overrepresentation of functional terms by calculating a moderated Fisher Exact p-value (FDR estimated to control for multiple testing), and subsequently clustering genes into groups that share a high degree of similar significantly enriched biological functions, as implemented in The Database for Annotation, Visualization and Integrated Discovery (DAVID) [32, 33] . This approach not only reveals the major biological themes associated with the genes under study, but also the groups of genes that are likely to be co-regulated based on their functional similarity. Focusing only on the genes showing largest expression differences with a stringent FDR may fail to capture the biological mechanisms involved in expression changes, especially when the changes are small [34] . We therefore defined the lists of genes included in the gene functional enrichment analyses using a gene-specific p-value cut-off of 0.05 [35] .
(c) Real-time qPCR We chose two candidate genes, TotM and TotC, from the contrast of conspecific and heterospecific songs for validation owing their statistical significance and effect size. Six biological replicates per treatment were obtained by independent sample collections following the same experimental procedures as before. However, in addition to exposing the females to the song treatments and control for 15 min, another set of flies were exposed for only 5 min in order to test whether expression differences occur quickly after stimulation. One-step qPCR was carried out to test for expression differences between the treatment groups at each time point (see the electronic supplementary material and methods for further details of all the methods used).
RESULTS (a) Mate choice based on song
Females mated significantly more often when stimulated with a song model representing D. melanogaster pulse song when compared with that of D. simulans throughout the observation period (x 2 ¼ 96.7, p , 0.001; figure 1), though both songs were stimulatory to females. Thus, the pulse song variation acts as a species-specific stimulatory signal [22] and is a target of female mating preferences in the Oregon-K isogenic line used in the present study.
(b) The transcriptome response to courtship song In order to detect differences in gene expression associated with hearing a song, we compared conspecific song-stimulated and control females. There were 412 differentially expressed genes, of which 41 were significant with a 5 per cent FDR (table 1) . To identify geneexpression changes associated with song discrimination for attractive versus non-attractive songs, we compared the expression profile of conspecific song-stimulated females to that of heterospecific song-stimulated females. This contrast revealed 222 differentially expressed genes, of which two, TotM and TotC, were significant after correction for multiple testing with a strict 5 per cent FDR (table 1) . That more differences in gene expression were detected between song and no-song than between the two songs is consistent with the results of behavioural experiments, which show that heterospecific song is still stimulatory to females, but less so.
To assess which biological processes are associated with the song responses, we performed functional enrichment analysis [32, 33] on the genes that differed in expression in each of the stimulus comparisons (with gene-specific p-value , 0.05), and identified several clusters of genes that share similar, significantly enriched annotation terms (electronic supplementary material, table S1). Hearing conspecific song was significantly associated with a cluster of six genes that all share functions in signalling, odorant/pheromone binding and cognition (enrichment score ¼ 2.39). A second significant gene cluster for this contrast contained four genes, all involved in signalling, hormone and neuropeptide activity (enrichment score ¼ 2.11), and a third cluster five immune response genes (enrichment score ¼ 1.69). Preference for species-specific song was significantly associated with two clusters of genes with shared annotations. The first cluster included five genes (four from the Turandot gene family), which are involved in humoral immunity and stress response as secreted signal peptides (enrichment score ¼ 2.59). The second group was similar to the first cluster identified in comparison between song and control: here four genes shared functions in signalling, cognition and odorant/pheromone binding (enrichment score ¼ 2.32). It is worth noting that both of the comparisons involved significant enrichment of seven antennal genes, the first comparison Os-C, Os-E, Pbprp3, a5, Or83b, Pbprp1 and Pbprp5 (fold enrichment ¼ 8.0, FDR ¼ 7.4E-04), and the second one Os-C, Os
qPCR, based on their fold change and significant expression changes in the experiments with conspecific and heterospecific song. The expression of these two genes that belong to the family of Turandot genes was tested after stimulating the females with either of the two songs or white noise for 5 and 15 min in order to examine the time course of expression variation.
Five minutes stimulation did not induce significant changes in expression levels between any of the acoustic treatments for either of the genes (figure 2; TotM: 
DISCUSSION
We have examined gene-expression changes associated with the presence and the attractiveness of male courtship song in D. melanogaster. Song plays a key role in stimulating female mating and females are more stimulated by homospecific song, which we confirmed with Oregon-K females. Genes involved in this species-specific response may be under sexual selection and contribute to sexual isolation.
(a) Signalling and olfactory genes respond to song Hearing a song in isolation from any other male traits resulted in relatively modest differences in gene expression, however, responses in distinct groups of genes were identified. Song induced changes in genes that function in signalling, and interestingly, many of them are expressed in the antennae, which are the Drosophila hearing organs [36] . Antennal genes were enriched seven and 15 times more among those differentially expressed between song and control and between conspecific and heterospecific songs, respectively. Because changes were more pronounced between the song types this cannot simply be owing to a general response to acoustic stimulation. Recently, it has been shown that antennae are actively tuned to the frequencies within homospecific song [37] . Four of the antennal genes are shared between the two comparisons, including Os-C, Os-E, Pbprp3 and a5. Although effect sizes are small, the significant enrichment of the antennal genes suggests that modest changes can be biologically meaningful. It should also be appreciated that our RNA preparations were from whole heads, so tissue-specific expression changes in antennal neurons are probably considerably greater. We did not detect any previously identified genes involved in hearing in either of the comparisons [23 -25] . The signalling genes responding to song include a significant enrichment of genes (Pdf, crz, hug and tk) with functions in neuropeptide signalling pathways and hormone activity (electronic supplementary material, table S1). The neuropeptide Pdf regulates signalling in neurons involved in a variety of circadian rhythmic behaviours, in a species-specific way [38] , and its regulation responds to selection for increased or decreased mating latency [39] . Crz has recently been implicated in sex-specific stressrelated behaviours [40] , and is linked with the regulation of dopamine [40] , which modulates female sexual receptivity [41] . These neuropeptides may therefore participate in the perception of the rhythmic conspecific pulse song and downstream signalling modulating arousal [42] .
Interestingly, song stimulation in both experiments evoked expression changes in genes involved in chemical communication (nearly all of the antennal genes, see electronic supplementary material, table S1), which cannot be induced by olfaction differences in our study as females only heard song. These include odorant receptor gene Or49a and the co-receptor gene Or83b (both differentially expressed between song and control) as well as several odorant-binding protein-coding genes, most of which are also involved in binding pheromones (for example, Pbprp3 and Os-E). Olfactory genes found in our study, including Pbprp3, Os-C, Pbprp5 and Obp99c, also respond to mating [43] . Why do we see subtle changes in so many genes involved in olfactory signalling? The simultaneous activation of the olfactory system when hearing conspecific song could enhance the sensitivity of pheromone detection during courtship. Drosophila sensory neurons responsible for odorant detection cover the surface of the third antennal segment (funiculus), including trichoid sensillae implicated in the recognition of the pheromone 11-cis-vaccenyl acetate [44] . Perhaps, mechanical vibrations of the antennal arista connected to the funiculus during song stimulation also influences the expression of other loci expressed in the antennae. Alternatively, antennal genes may have pleiotropic effects involved in other kinds of signal transmission.
(b) Immune response to song Hearing an attractive, conspecific song induced expression changes in genes involved in immunity and stress response. While some were downregulated (Attacin-A (Att-A) and -C (Att-C), Diptericin B (DptB), Drosomycin (Drs) and Immuneinduced molecule 18 (IM18)) compared with the control, four out of eight members from Turandot family (TotA, TotC, TotX and TotM) as well as Immune-induced molecule 4 (IM4) were upregulated compared with the heterospecific song. Two Turandot genes, TotC and TotM, were examined more closely with real-time qPCR. Significant changes in gene expression were only detected after 15 min of stimulation with attractive, conspecific song compared with the heterospecific song, and Tot-C also compared with the control. Upregulation within 15 min of the start of courtship may be sufficient to have Turandot genes expressed prior to mating. However, the difference between a biologically meaningful level of expression and what can be significantly detected by qPCR, is unknown. Many immunity genes are involved in female reproduction in D. melanogaster. Also D. melanogaster males show expression differences in immunity-related genes when courting females [7] ; however, the function of these changes is not yet known. Interestingly, long-term exposure to acoustic signals has been linked with increased immunity in field crickets (Teleogryllus oceanicus) [45] , thus an increased probability of mating influences immune functions in a variety of organisms. Two of the Turandot genes, TotA and TotC, show sexspecific expression: they are upregulated in female heads relative to males, and are regulated downstream from the sex-specific pre-mRNA splicing factor transformer (tra) [46] which, together with doublesex [47] , controls the sex determination cascade. All the Turandot genes observed in this study (TotM, -C, -X and -A) show similar expression patterns across tissues: they are enriched in the female spermatheca, head, heart, adult carcass and fat body (FlyAtlas, [27] ), and are all probably secreted into the haemolymph [48] . Drs also shows sex-biased fat body-specific expression [49] . Fat body in the head is involved in expression of many genes that mediate sexual differentiation [50] , as well as male responses to mating [51] . Immunity genes are differentially expressed in females when mating [8, 10, 43, 52, 53] and nearly all the immunity genes identified in our study are upregulated in mated females [10] . McGraw et al. [43] demonstrated induced expression of TotM and Att-C by male sperm and Att-A by Acps and in particular sex peptide (see also [52, 54] ). Interestingly, a recent study identified increased expression in TotC and -A in the brains of mated females [55] . Our results suggest that some of these changes, including increased expression of many Turandot genes, begin before copulation. However, other mating-induced immunity genes show decreased expression in response to courtship stimulation. Att-A and -C, as well as DptB are upregulated in the female abdomen after mating but not in the head tissues [54] . It is therefore possible that their downregulation in the head prior to mating represents a location shift in transcriptional activity and resource allocation. Several non-exclusive explanations have been suggested for the mating-related immune response in females [8, 43, 52, 53] , including protection from septic injury [56] and antagonistic male molecules [10, 54] . Both TotM and TotC are among the fastest evolving immunity genes between D. melanogaster and D. simulans [57] , and also their regulation has diverged between females of the two species [58] . Perhaps, the asymmetrical selection that arises from sexual conflict over components of female fitness may have contributed to the sexual dimorphism in the expression patterns of these genes, as well as their divergence between the species.
Previous studies on mated females have suggested that many proteins required for reproduction may be produced during pre-mating reproductive maturation [43, 59] . Here, we have identified similar transcriptional changes in response to song as are seen in post-mated females, including Turandot and other immunity and olfactory genes. Another intriguing gene showing increased expression in response to song stimulation is Glucose dehydrogenase (Gld; table 1), which codes for a protein that facilitates sperm storage in mated females [60] . Our findings thus suggest that the transcription changes thought to occur in response to mating may begin during courtship and may represent an adaptive preparation for mating, including anticipation of sexually antagonistic post-mating interactions with male molecules or increased risk of pathogen infection. Indeed, our findings support a recent suggestion that increased immunity prior to mating may be a common female strategy in insects [56] . That some expression changes depend upon the species-specific nature of song could result from a more stimulatory effect of conspecific song or, perhaps more intriguingly, an influence of a female 'decision' to mate during courtship. The connection between mate recognition and the downstream effects makes the molecules involved a powerful target for studies of evolutionary divergence, and provide a starting point for characterizing the genetic pathways activated during courtship stimulation and how they are linked with the adaptive responses to mating, which will provide insights into key evolutionary processes ranging from species recognition, sexual selection and conflict to speciation.
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